In the past few years, transition metal dichalcogenides(TMD) have attracted great attention for their considerable potential applications in the fields of catalysis, micro- eletronics, optoelectronic devices[@b1][@b2][@b3][@b4][@b5][@b6][@b7]. A lot of efforts have been made to realize the applications of TMD. Recently, most of the works that have been done are focused on the mechanical or chemical exfoliation for obtaining single layer metallic 1T structure having interesting optical and electrical properties[@b8][@b9][@b10][@b11][@b12]. Although nanoarchitectured porous and mesoporous materials prepared by various processes showed excellent properties for many applications because of their high specific surface area[@b13][@b14][@b15][@b16], the 1T structure of MoS~2~ as catalyst for hydrogen evolution is more important with respect to the higher density of active sites of MoS~2~ nanosheet[@b8]. The MoS~2~ prepared with many processes such as hydrothermal[@b17], solvthermal[@b12][@b18], chemical vapor deposition method[@b8][@b19], and sulfurization[@b11] usually were 2H structure. Even MoS~2~ nanosheet prepared by some exfoliation method[@b9][@b20] also were 2H structure. In addition, the incorporation of rGO into the semiconductor material systems has attracted great interest, for the reason that the obtained hybrid products were found to display outstanding performances[@b5][@b21]. Although the 1T-MoS~2~ structure was characterized during the early exploration of 2D materials, the some synthesis process and graphene-induced effect on the structure and properties of MoS~2~ remains unexplored. In this work, we were able to overcome the challenges limiting the structure and performance of MoS~2~ by controlling the formation of its nanostructures using a facile low temperature chemical process and rGO induction to make MoS~2~ nanostructures a highly competitive materials for the hydrogen evolution application. Meanwhile, Cu doping was successively utilized to make the MoS~2~ film and MoS~2~/rGO hybrids having enhanced photoelectrical and hydrogen evolution properties.

Results and Discussion
======================

The SEM micrographs showed in [Fig. 1a--d](#f1){ref-type="fig"} indicated that the nanostructures exhibited hierarchical granular particle morphology, average particle size smaller than 10 nm, and narrow particle size distribution. The rGO incorporation obviously decreased the average particle size. From TEM micrograph ([Fig. 1e and f](#f1){ref-type="fig"}), the MoS~2~ showed granular morphology particles and small amount of nanosheet structures. Whereas, the MoS~2~:Cu/rGO were mainly composed of nanosheets.

The XRD analysis indicated that prepared all nanosctructures were composed of rhombohedral MoS~2~ (JCPDS: 65--3658, *a* = *b* = 3.163 Ǻ, and *c* = 18.37 Ǻ) and hexagonal MoS~2~ (JCPDS: 37--1492, *a* = *b* = 3.161 Ǻ, and *c* = 12.299 Ǻ). The (002) peaks of hexagonal phase or (003) peaks of rhombohedral phase were at relative low 2θ \~12.10° with an interlayer spacing of 0.725 nm. indicating the formation of a laminar structure with an increased interplanar spacing compared to that of hexagonal (0.616 nm) and rhombohedral (0.612 nm) MoS~2~[@b12][@b22]. The EDS analysis indicated that actual S/Mo and Cu/Mo molar ratios were \~2.23 and 2.18, and actual rGO/MoS~2~ mass ratio was \~0.044.[](#f2){ref-type="fig"}

The Raman spectra of all the films deposited on glass substrate ([Fig. 3a](#f3){ref-type="fig"}) showed two modes at \~379, \~405 and \~443 cm^−1^ corresponding to in-plane E~2g~^1^, out-of-plane A~1g~, and longitudinal acoustic phonon modes, and the modes at 154 (J~1~), 226 (J~2~), 283 (E~1g~), and 359 (J~3~) cm^−1^ corresponded to the photon modes of metallic 1T-MoS~2~[@b8][@b11][@b12][@b23]. This indicated the formation of 2H-1T MoS~2~ nanostructure. However, the enhancement of the mode at \~154 (J~1~), \~226 (J~2~), \~283 (E~1g~), and \~359 (J~3~) cm^−1^and weakening of the (\~379) E~2g~^1^, (\~405) A~1g~, and (\~443) longitudinal acoustic phonon modes clearly showed that more amounts of 1T-MoS~2~ phase were formed in the hybrid nanosctructures ([Fig. 2a](#f2){ref-type="fig"}). The narrow separation (\~26 cm^−1^) between the E~2g~^1^ and A~1g~ modes could reveal a few-layers feature of MoS~2~ according to recent studies[@b24][@b25].

Natural MoS~2~ is believed to be found as the semiconducting and thermodynamically favored 2H phase, which is described by two S-Mo-S layers built from edge sharing MoS~6~ trigonal prisms. In contrast, the metallic 1T phase is described by a single S-Mo-S layer composed of edge-sharing MoS~6~ octahedra. The 1T structure is generally believed to be not naturally found in bulk and obtained only by mechanical or chemical exfoliation. This work could indicated that the 1T-MoS~2~ can be easily formed by the facile chemical solution reaction and the induction of rGO. This method is of potential advantages of one-step, simple, low temperature, low cost, and easy to prepare in large quantities.[ ](#f3){ref-type="fig"}

The Stokes phonon energy of graphene by the laser excitation creates two main band structures. From the [Fig. 3b](#f3){ref-type="fig"}, the mode at \~1350 cm^−1^ is a primary in-plane vibrational mode (D-band) in the hexagonal graphitic layers, corresponding to the edge disordered band structure of k-point phonon of A~1g~ symmetry carbon atoms. Whereas the mode at a higher Raman shift (\~1581 cm^−1^) called the G-band corresponded to the *E*~2g~ mode of order band structure of sp^2^ hybridization of carbon atoms. The peak intensity ratio (*I*~D~/*I*~G~) of the MoS~2~/rGO and MoS~2~:Cu/rGO nanostructures were estimated to be 1.257 and 1.233, larger values than that of the graphene oxide (0.889). This implies that the GO is well reduced to graphene.

In some case, hydrogen evolution is realized by photocatalysis. The photocatalysis has remarkably dependence on charge transfer at a heterojunction interface. The charge transfer at interface between MoS~2~ and rGO can be evaluated by optical conductivity (*σ*) and photoluminescence. The *σ* of the films deposited on glass substrate versus incident wavelength (*λ*) calculated from UV-vis. spectra ([Supplied material 1](#S1){ref-type="supplementary-material"}) were remarkably enhanced with the Cu doping and rGO incorporation ([Fig. 4a](#f4){ref-type="fig"}). This implied a high efficient interface effect at the MoS~2~ and at heterojunction interface.

The photoluminescence spectra of the nanostructures ([Fig. 4b](#f4){ref-type="fig"}) showed one strong emission at \~771 nm (\~1.61 eV) and two weak emissions at \~699 nm (\~1.77 eV) and \~823 nm (\~1.51 eV) as excited at 514 nm. The former should be ascribed to bandgap or near bandgap emission, and later could come from intrinsic defects of the MoS~2~. The decrease in the emission intensity with the Cu doping and rGO incorporation implies the enhancement of charge transfer at heterojunction interface and in the MoS~2~ and so the decrease in recombination of photogenenated electron-hole pairs. The enhanced *σ* and weakened photoemission resulted from the Cu doping and rGO incorporation implies an enhanced photocatalytic activity for the hydrogen evolution of MoS~2~.

The electrical resistance (*ρ*) of the MoS~2~ and MoS~2~:Cu films deposited on glass substrates equaled to \~2724 and \~2553 Ω·cm. Whereas the *ρ of* the MoS~2~/rGO and MoS~2~:Cu/rGO hybrid films films deposited on glass substrates decreased to \~311 and \~442 Ω cm. Obviously, the Cu doping decreased the *ρ,* which could resulted from increased carrier concentration. Similarly, high conductivity resulted from S vacancy that increases carrier concentration was reported for MoS~2~ nanoparticles in previous literature[@b18]. The rGO further decreased the *ρ,* which could mainly originated from the 2H → 1T phase transition. The enhancement of the electrical properties could also related to low resistance of the rGO, reducing effect of the rGO on the contact resistance among MoS~2~ particles, and interface effect between the MoS~2~ and rGO to a certain extent. It is usually believed that low resistance is favorable to the electrocatalytic activity of hydrogen evolution[@b8][@b18].

To evaluate the electrocatalytic activity for hydrogen evolution of the MoS~2~, MoS~2~:Cu, MoS~2~/rGO, and MoS~2~:Cu/rGO nanostructures, the polarization curves of the current density (J) against potential was measured. The curves ([Fig. 5a](#f5){ref-type="fig"}) showed the hydrogen evolution reaction (HER) activity of the four samples on graphite in comparison with Pt/C. The Pt/C catalyst exhibited superior catalytic performance for HER with a near zero onset potential (\~6 mV) and a small overpotential of −68 mV at J = 10 mA/cm^2^. The MoS~2~ and MoS~2~:Cu exhibited the onset of HER activity near −47 and −41 mV vs reversible hydrogen electrode (RHE), and J reaching \~130 and −163 mA/cm^2^ at −400 mV vs RHE ([Fig. 5a](#f5){ref-type="fig"}). Their onsets of the catalytic activity, as significant H~2~ evolution (J = 10 mA/cm^2^), were observed at a voltage of −222 and 211 mV ([Fig. 5b](#f5){ref-type="fig"}). As the rGO was incorporated, the onset of HER activities of the MoS~2~/rGO and MoS~2~:Cu/rGO reached −17 and −11 mV vs reversible hydrogen electrode (RHE), and J increased to −244 and −296 mA/cm^2^ at −400 mV vs RHE, respectively ([Fig. 5b](#f5){ref-type="fig"}). Moreover, the onsets of the catalytic activity shifted to a much lower overpotential of −198 and −182 mV, as significant H~2~ evolution (J = 10 mA/cm^2^) ([Fig. 5b](#f5){ref-type="fig"}). Obviously, the Cu doping was also favorable for the enhancement of the HER activity no matter if the rGO is incorporated, which might come from the increase in conductivity.

The dramatic enhancement in catalytic activity was even more apparent upon comparison of the slopes of Tafel plots ([Fig. 5c](#f5){ref-type="fig"}) for the MoS~2~/rGO (53 mV/decade), MoS~2~:Cu/rGO (39 mV/decade), MoS~2~ (92 mV/decade) and MoS~2~:Cu nanostructures (86 mV/decade). The smaller onset of catalytic activity and smaller Tafel slope suggest that the hydrogen adsorption is closer to equilibrium. 2H-1T MoS~2~ and MoS~2~:Cu nanosructures showed smaller Tafel slope of the 86--92 mV/decade than some single and few layers MoS~2~ elctrocatalyts[@b24][@b25][@b26]. The more small Tafel slope of the MoS~2~/rGO (53 mV/decade) and MoS~2~:Cu/rGO (39 mV/decade) with more 1 T phases is even comparable to the chemically exfoliated 1 T MoS~2~ nanosheet (43 mV/decade)[@b8] and smaller than that of all the single and few layers MoS~2~ electrocatalysts (69--140 mV/decade)[@b12][@b20][@b26][@b27] and better than those of many MoS~2~ hybrid electrocatalysts, such as MoS~2~/rGO hierarchical Frameworks (86.3 mV/decade)[@b18]. The 39 mV/decade Tafel slope and the −182 mV onset of significant hydrogen evolution confirm that MoS~2~:Cu/rGO is the most active material for electrocatalytic hydrogen evolution.

Although the efficient size decrease of MoS~2~ due to rGO incorporation ([Fig. 1](#f1){ref-type="fig"}) results in the rapid increase of active edge sites, the phase transition into the metallic 1 T polymorph, interface effect between MoS~2~ and rGO and conduction enhancement due to Cu doping are also very important in enhancing the catalytic activity. Recently, exfoliated semiconducting 2H-MoS~2~ nanosheets were investigated for hydrogen evolution and showed only marginally improved catalytic performance, suggesting that the density of edge sites is not the most important factor underlying the dramati- cally enhanced performance of the 2H-1T nanostructures present in this works.

Furthermore, the prepared MoS~2~ and MoS~2~:Cu nanostructures were stable, whereas the MoS~2~/rGO and MoS~2~:Cu/rGO hybrids were more stable, in electrocatalytic hydrogen evolution reaction. After 5000 cycles of continuous operation, the MoS~2~/rGO and MoS~2~:Cu/rGO only showed \<7% decay in the electrocatalytic current density, about two times smaller than the \<13% of MoS~2~ and MoS~2~:Cu ([Fig. 5d](#f5){ref-type="fig"}). The minimal loss in catalytic activity could be ascribed to the slowly conversion of metallic 1T polymorph to the semiconducting 2H phase[@b8] and the consumption of H^+^ in the solution or the remaining large hydrogen bubbles on the electrode surface that hindered the reaction[@b12]. The increase in catalytic stability resulted from rGO incorporation could be ascribed to the enhancement in conductivity the hybrids.

The interface effect depends on relative band energy level of the MoS~2~ and rGO to a certain extent. The absolute work function (χ) of intrinsic MoS~2~ and rGO was calculated to be 5.33 eV and 6.43 eV, respectively, with the calculation methods applied by Butler *et al*.[@b28] and Pineda *et al*.[@b29]. The energy levels of conduction and valence bands (*E*~c~ and *E*~v~) of MoS~2~ therefore was calculated to be 6.105 eV and 4.555 eV according to the relations *E*~c~ = *χ* + *E*~g~/2 and *E*~v~ = *χ-E*~g~/2, and the *E*~g~\~1.55 eV of the MoS~2~ nanostructure as estimated from the optical spectra ([Supplied material 1](#S1){ref-type="supplementary-material"}). The *E*~v~ and *E*~v~ of the MoS~2~ were all higher than that of rGO, leading to the transfers of the electrons from the MoS~2~ to the rGO and the holes from the rGO to the MoS~2~. This highly efficient interface effect takes partial role of high conductivity and photoconductivity of the hybrids, and thereby enhancing the catalytic activity for hydrogen evolution.

Conclusion
==========

MoS~2~:Cu/rGO nanostrcutures were chemically synthesized at a low temperature of 80 °C. The facile one-step synthesis method made the synthesized MoS~2~ and MoS~2~:Cu nanostructures possessed 2H--1T structure and granular/nanosheet morphology. The incorporation of rGO further induced the phase transition from semiconductor 2H-MoS~2~ to metallic 1T-MoS~2~ and morphology transition from granular to nanosheet. This 2H → 1T phase transition remarkably enhanced the electrical conduction and optical conduction. Simultaneously, efficient interface effect between the rGO and MoS~2~, low resistance of rGO, and Cu doping all enhanced the conduction and optical conduction. Thus, the rGO incorporation and Cu doping remarkably enhanced the catalytic activity smf its stability of MoS~2~ for hydrogen evolution made the MoS~2~:Cu/rGO nanosheets a highly competitive earth-abundant catalyst for HER and potentially other reactions. Furthermore, this simple approach for controlling nanostructures and polymorphism can be useful in modifying many 2D layered materials to enhance their applications in heterogeneous catalysis, solar energy, and high-performance electronics.

Method
======

The starting materials were all analytical reagents without any treatment. 100 ml Mo^4+^ precursor solution (0.025 mol./l) was first made by dissolving molybdenum pentachloride (MoCl~5~·H~2~O) in deionized water. With same method, 100 ml Mo^4+^ precursor solution (0.025 mol./l) with Cu^2+^ cations was made by additinally dissolving CuCl~2~ 9H~2~O according to the molar ratio of Cu/Mo = 0.01. At same time, 100 ml solutions (0.025 mol/l) with and without Cu^2+^ and containing graphene oxide (GO) were prepared by incorporating GO aqueous solution (1 mg/ml) at a GO/Mo mass ratio of 0.05. Into above-prepared four solutions, HCl aqueous solution (37%, \~2.5 ml) was added to prevent the formation of hydroxide precipitation, reduce the GO and Mo^6+^ to the rGO and Mo^4+^, respectively. Meanwhile, the citrate acid (C~6~H~8~O~7~) with double molar of metal cation was added as cation chelating agent to reduce reaction rate, size of formed particles, and asymmetrical suspension of the rGO in the precursor solutions. Second, 100 ml thioacetamide (CH~3~CSNH~2~)^−^ aqueous solutions with concentration of 0.250 mol./l were made. Subsequently, 20 ml cation solutions with and without rGO and 20 ml thioacetamide aqueous solution were mixed together with each other. This excess thioacetamide was used to make up for the loss of S evaporation. At same time, ultrasonically cleaned commercial glass substrates and graphite electrodes were placed vertically into the mixed solutions. At room temperature, the color change resulted from the reaction between Mo^4+^ and S^2−^ can not be observed in the precursor solution. As increasing temperature to \~80 °C in water bath, the color of precursor solution became black, indicating the reaction take placed. In the period of the deposition, a slow stirring was continuously performed to maintain the uniform dispersion of the rGO in the precursor solution. After the deposition at 80 °C for 20 min, the films were flushed with deionized water. The black powder in residual solutions were collected by filtrating and washing for some analyses. By five repeats of such deposition, the films and collected powders were dried in air for 12 h and then undergone annealing at 200 °C for 2 h to realize the crystallization of the MoS~2~.

An X-Ray diffractometer (XRD, CuK~α1~, λ = 0.15406 nm, Model No: D/Max- 2200PC, Rigaku, Japan) was used to identify the structure and phase of the powders at room temperature. A scanning electron microscopy (SEM, Model No: S-4800, Hitachi, Japan) and transmission electron microscopy were used to analyze the morphology. An energy dispersive spectroscopy (EDS) was used to determine the composition ratio. Raman spectra of the nanostrcutures on glass were collected using a spectrophotometer (Model no: Renishaw-invia, U.K.) at a laser excitation wave- length of 532 nm. Photoluminescence spectra of the nanostrcutures on glass was determined with a fluorescence spectrometer (Model no: FluoroMax-4P, Horiba, Japan). The electrical resistance of the nanostrcutures on glass was measured by a 4-point probes resistivity system (Model No.: RTS-9, Probes Tech, Guangzhou, China).

Electrochemical measurements were performed with an multichannel electrochemical workstation (Model no: YGCS, China) in a N~2~-saturated 0.5 M H~2~SO~4~ aqueous solution. A saturated calomel electrode (Hg/HgCl~2~ in saturated KCl) and a Pt/C wire were used as the reference and counter electrode, respectively. The MoS, MoS~2~:Cu, MoS~2~/rGO, and MoS~2~:Cu/rGO deposited on graphite were used as working electrodes. The current densities were evaluated in terms of the total mass of the working electrodes. The polarization curves were obtained by sweeping the potential from 0 to −0.4 V (vs SCE) at a potential sweep rate of 10 mV/s. The accelerated stability tests were performed in 0.5 mol./l H~2~SO~4~ at room temperature by potential cycling between 0 and −0.4 V (vs SCE) at a sweep rate of 200 mV/s for a given number of cycles. In all the measurements, the SCE reference electrode was calibrated with respect to a reversible hydrogen electrode (RHE). The calibration was performed in a high purity H~2~ (99.999%) saturated electrolyte with two Pt/C wires as the working electrode and counter electrode, respectively. Cyclic voltammograms (CVs) were acquired at the scan rate of 1 mV/s, and the average of the two potentials at which the current crossed zero was taken as the thermodynamic potential for the hydrogen electrode reactions. In 0.5 M H~2~SO~4~, E(SCE) = E(RHE) + 0.164 V.

Additional Information
======================

**How to cite this article**: He, H.-Y. One-step assembly of 2H-1T MoS~2~:Cu/reduced graphene oxide nanosheets for highly efficient hydrogen evolution. *Sci. Rep.* **7**, 45608; doi: 10.1038/srep45608 (2017).

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary Material {#S1}
======================

###### Supplementary Information

The authors declare no competing financial interests.

**Author Contributions** H.-Y. He designed/carried out the experiments, preformed the sample characterization measurements and analyzed all the results. H.-Y. He also wrote the manuscript.

![SEM micrographs of the (**a**) MoS~2~, (**b**) MoS~2~:Cu^2+^, (**c**) MoS~2~/rGO and (**d**) MoS~2~:Cu^2+^/rGO films deposited on glass substrate, and TEM micrograph of (**e**) MoS~2~ and (**f**) MoS~2~:Cu^2+^/rGO nanostructures](srep45608-f1){#f1}

![XRD patterns of the (**a**) MoS~2~, (**b**) MoS~2~:Cu^2+^, (**c**) MoS~2~/rGO and (**d**) MoS~2~:Cu^2+^/rGO nanostructures.](srep45608-f2){#f2}

![Raman spectra in Raman shift range of (**a**) 100--550 cm^−1^ and (**b**) 1000--2000 cm^−1^.](srep45608-f3){#f3}

![(**a**) Optical conductivity (σ) and (**b**) photoemission spectra of the films deposited on glass substrate.](srep45608-f4){#f4}

![Polarization curves at (**a**) higher and (**b**) lower potentials, (**c**) The corresponding. Tafel plots from the polarization curves, and (**d**) Polarization curves initially and after 5000 cycles of continuous operation.](srep45608-f5){#f5}
